INTRODUCTION
Hepatocellular carcinoma (HCC) is the fifth most common cancer in the world [1] with over 1,000,000 new patients diagnosed every year and 250,000 cancer-related deaths [2] . The worldwide incidence of HCC is unequally distributed with South-East Asia and Sub-Saharan Africa having the highest incidence while the lowest is recorded in Western Europe and North America [3] . Geographical differences of the incidence of HCC reflect variations of the most common risk factors for HCC such as viral hepatitis B (HBV) and C (HCV), aflatoxin, alcohol consumption and genetics [3, 4] . However, over the last decades, the incidence of HCC has steadily increased in Western countries due to a rise in the incidence of HCV and non-alcoholic steatohepatitis (NASH) [5] .
Treatment modalities for HCC depend on patient age and comorbidities, tumor characteristics and degree of liver disease and portal hypertension in addition to other factors such as local expertise and resources [6] . Liver resection and transplantation provide the best long-term survival [7] [8] [9] followed by ablative therapies, locoregional and systemic chemotherapy [7, 8, 10, 11] . Despite the survival advantage of hepatic resection and liver transplantation (LT), most patients are unable to undergo surgery because of their advanced tumors or the presence of co-morbidities. Even after radical resections, cirrhosis predisposes to the development of recurrent disease in 50%-80% of patients within 5 years [12, 13] . Consequently, LT remains the best treatment as it addresses both the tumor and cirrhosis [14, 15] . Nevertheless, only 10%-12% of patients with HCC are transplanted due to the limited number of donors [16] [17] [18] [19] [20] [21] [22] .
Previous studies have reported that in the United States, LT for HCC is performed less frequently in nonCaucasians than in recipients of other ethnicities [23] [24] [25] . The reasons for these disparities are not completely understood but there is some evidence suggesting that disadvantaged ethnic groups face more barriers to access healthcare and are more frequently diagnosed with advanced diseases [23, 24, 26] .
To be listed for a LT in the United States and Europe, patients with HCC must fulfill not only strict oncological criteria [15] but also other requirements such as evidence of adequate social support, financial stability, the absence of active mental disorders, abstinence from substance abuse and adherence to diagnostic and therapeutic recommendations. These requirements, especially the ones linked to financial status, might affect certain demographic or socioeconomic groups more than others [27] , but are necessary to optimize the outcomes of LT recipients.
Since all LT candidates have to satisfy similar inclusion criteria, we hypothesized that there should not be differences in short and long-term outcomes among different ethnic groups, and since studies on ethnicity and outcomes of patients undergoing LT for HCC in the United States are lacking, the primary aim of this study was to assess if African American had short-and long-term outcomes similar to recipients of other ethnic groups.
METHODS

Study design
The United network for organ sharing (UNOS) standard transplant analysis and research (STAR) files were used to identify a retrospective cohort of patients who underwent LT for HCC in the United States between 1 Jan 2002 and 30 Jun 2013. The study was conducted and reported per recommendations from STROBE statement [28, 29] and did not require approval by the ethics review board of our institution.
Rationale and aims of the study
There has been some controversy regarding the possible reasons why some ethnic groups have inferior survival than Caucasian recipients after LT [30] [31] [32] . Nair et al. [33] have previously reported that being African American or Asian American were risk factors for inferior long-term outcomes after LT. On the other hand, Lee et al. [34] did not find any association between race and post-LT outcomes after adjusting for age, gender, total bilirubin, creatinine and prothrombin time. In more recent years, Wong et al. [30] analyzed the 2002-2012 STAR files and concluded that African Americans had significantly lower survival compared with nonHispanic whites affected by HCV, alcoholic liver disease, and HCC after adjusting for several demographic and clinical characteristics. To the best of our knowledge this was the only study that assessed the outcomes of LT recipients stratified by their ethnicity after the MELD score was introduced in the USA for the allocation of liver grafts. Although this study had the advantage of including a large number of patients, it was limited by the fact that several predictors of long-term survival were not included in the final Coxregression analysis, and that the study was not specifically designed for patients with HCC. Because of these limitations, we performed a retrospective analysis of the STAR files with the primary aim of testing the null hypothesis, that there were no significant differences in the overall survival of patients with documented HCC and who belonged to different ethnic groups.
Inclusion and exclusion criteria
All adults (age ≥ 18 years) undergoing LT for HCC were candidates for this study. No restriction of race, citizenship or UNOS region were applied. Recipients of LT for other primary and secondary malignancies (e.g., cholangiocarcinoma, hepatoblastoma, hemangiosarcoma, neuroendocrine metastasis) were excluded. Other exclusion criteria were: transplants from grafts recovered from living or donors after cardiac death, split grafts, multi-visceral or redo transplants, and LT performed across ABO incompatible blood groups. Additional exclusion criteria were lack of records on short and long-term outcomes, the absence of HCC in the explanted liver or the presence of variables with values that were deemed implausible for adult recipients or for deceased donor LTs [35] . Cutoffs for those values were: recipient height either ≤ 120 cm or ≥ 240 cm, cold ischemia time ≥ 24 h. No imputations of missing data were performed, and recipients who had more than 10% of unreported values were excluded.
Variables and outcomes
Variable collected for LT recipients were age at the time of transplant, sex, donor and recipient body mass index (BMI), ethnicity, presence of renal failure requiring hemodialysis before surgery, history of diabetes (either type I or II), mortality within 30-, 60-, 90-day and 1 year after surgery, main cause of death, date of death or date of last follow up, cold ischemia time (h), UNOS region where patients were transplanted. Additional variables collected for the donors were age, sex, height and weight or BMI.
Recipient overall survival was estimated by the difference between the date of transplantation and the date of death from any cause using the Kaplan-Meier method. Censoring was used for recipients who were still alive on 30 Jun 2013, or who were alive at the time of the last follow-up or if they underwent re-transplantation (date of redo LT surgery).
Covariates used for Cox regression analysis
The presence of renal failure requiring hemodialysis prior to LT and history of diabetes (type 1 or type 2 diabetes) were used as 2-level categorical variables (absent or present). Ethnicity was categorized into five groups: Caucasian, African American, Hispanic, Asian and Multiracial including other minorities such as Hawaiian or Native American. The time on the wait list was calculated from the day of listing for LT to the date of surgery irrespective of the length of time that the patient spent in an inactive state. The waiting time was then categorized into four periods: less than 3 months, 3.1-6 months, 6.1-12 months and longer than 1 year. Recipient functional status at the time of LT was measured using the UNOS classification based on the validated Karnowski performance status [36] [37] [38] . Recipient functional status was reported in the STAR files in 10% increments with 10% representing a patient who was moribund to 100% who represented a fully active and normal individual without complaints and no evidence of disease. 
Statistical analysis
The sample size of patients was fixed due to the retrospective design of this study. Continuous variables were reported by estimates of central tendency (means or median) and spread [standard deviation and interquartile range (IQR)] while frequency and percentages were used for categorical data. Survival analysis was performed using the Kaplan-Meier method [39] and after assessing that the assumptions of the Cox model were met, proportional hazard model analysis was used to assess the effect of predictors of survival after LT. Pre-transplant characteristics utilized in the Cox regression model were selected a priori. Donor variables used as covariates for proportional hazard model were: age and BMI. Recipient variables used as covariates for Cox regression model were: age, sex, the presence of type I or II diabetes, need for dialysis prior to LT, level of education, BMI, time spent on the wait list and functional status. Survival analysis was also adjusted for cold ischemia time and for the UNOS region where the transplant surgery was performed. The UNOS region 1 was chosen as the reference category and the follow-up time was restricted to 5 years after LT. Since previous studies suggested that African Americans had the lowest post LT survival among all the ethnicities, we compared patients of African descent to patients belonging to other ethnicities.
For the calculation of the hazard ratios (HR), Caucasian ethnicity, female sex, functional status lower than 60%, waiting time equal or less than 3 months, post college or graduate degree were selected as references. Adjusted HR (AHR) were calculated using Caucasian patients undergoing LT as a reference. All statistical analyses were performed using SPSS Statistics for Windows, Version 24 (IBM Corporation, United States). Statistical significance was defined when P values were equal or less than 0.05, and 2-tailed tests were used for all statistical analyses.
RESULTS
During the study period, 9723 patients were recorded in the STAR files as recipients of a cadaveric LT with HCC being the primary indication for surgery. Cold ischemia time longer than 24 h was logged in 13 recipients and 3019 patients had no HCC in their final surgical pathology report of their explanted livers and were excluded. After the additional removal of 643 recipients who had more than 10% of missing data, we identified a cohort of 6048 LT recipients who represented the study population. The average age of the recipients was 58 years and females represented 20% of the cohort. Most patients were Caucasians (67%), followed by Hispanics (14.2%), African Americans (8.8%) and Asians (8.6%). Detailed demographic and clinical characteristics of the study population are summarized in Table 1 .
Clinical and socio-economic characteristics
When compared to all other ethnic groups, the cohort of African American recipients had a higher percentage of women (26.2% vs. 19.7%; P ≤ 0.001), was younger with an average age of 57 years vs. 58 years (P = 0.005), had a greater proportion of patients who required hemodialysis before LT (2.3% vs. 0.7%; P ≤ 0.001), had fewer patients who had to wait longer than 6 months for LT (34.2% vs. 40.8%; P = 0.02), had a lower level of education and received a graft from younger donors (42.6 years vs. 44.2 years; P = 0.030). Detailed comparisons between African American patients and the rest of the cohort are reported in Table 2 .
Postoperative mortality and survival
The median follow-up of the cohort was 7.6 years (95% CI: 7.5-7.8). During this period, 2079 patients had died (34.3%), 3762 were censored (62.2%), and 207 patients (3.4%) were lost at follow-up. Overall 30-, 60-, 90-day and 1-year mortality was 1.7%, 2.3%, 3.0% and 8.8% respectively with no statistically significant differences between African Americans and other ethnicities [ Figure 1 ]. Table 3 reports the primary causes of death of patients who died within 5 years after LT. Graft failure was the most frequent cause of death among African Americans (16.6%), followed by multiorgan failure (15.4%) and recurrent malignancy (15.4%). On the other hand, the most frequent known causes of deaths in patients belonging to other ethnic groups were recurrent malignancy (31.1%), graft failure (11.4%) and infections (9.0%) (P < 0.001).
Kaplan-Meier survival function showed that the 5-year probability of survival for all patients who underwent LT for HCC was 69% [ Figure 2 ]. Comparisons of survival functions by ethnicity showed that African American had the lowest 5-year survival with statistically significant differences between African Americans and all the other ethnic groups (P ≤ 0.001) [ Figure 3 ]. At univariate Cox regression analysis, ethnicity, age, history of diabetes and functional status at the time of transplantation were independent predictors of survival after LT. At multivariate analysis, African American ethnicity remained the strongest independent predictor for increased mortality in comparison to Caucasian 
DISCUSSION
Over the past decades, there has been an increasing awareness that cancers have unique mutations in signaling pathways [40] and that patient socio-economic factors and ethnicity might play a significant role in short and long-term outcomes [41] . Contrary to the new genomic techniques that have shown biological differences among cancers of similar type [42] , causes responsible for of health disparities among patients of different socio-economic status or ethnicities remain unclear.
Socio-economic conditions are difficult to define and may fluctuate over time [43] . Several studies have shown that vulnerable socio-economic groups are less likely to undergo screening or surveillance programs for HCC and are less likely to be treated [24,32,44-46] but possible ethnical differences in the long-term survival after LT for HCC remains poorly studied [47] .
In a retrospective analysis of 754 patients with HCC eligible for LT at Mount Sinai Hospital in New York between 2003 and 2013, Sarpel et al. [27] found that the odds of being transplanted were significantly lower for African Americans than Caucasians (OR = 0.55, 95% CI: 0.33-0.91). They also analyzed all the steps necessary for the evaluation and listing of these patients in the hope of finding barriers that could be removed in the future, but they were unable to identify any specific one. Similarly, Siegel et al. [23] investigated the Surveillance, Epidemiology, and End Results (SEER) database with the main focus of assessing if there were racial disparities in utilization of LT in patients with HCC. They found that during the period between 1998 and 2002, African Americans and Asians were less likely to receive a LT than other ethnic groups. Because of the lack of granular data on many socio-economic factors, the authors were unable to identify the main reasons for those differences, but they hypothesized that access to transplant centers, referral bias, comorbidity and severy of underlying liver disease might have been the main causes why African Americans and Asian Americans had lower rates of LT. Similar findings were reported by other investigators [30, 48] .
More recently, Moylan et al. [49] have found that African American were less likely to receive a LT (OR 0.75; 95% CI: 0.59-0.97) during the pre-MELD era and were more likely to die or become too sick for transplant compared to Caucasians (OR 1.51; 95% CI: 1.15-1.98). However, after changes in the allocation of liver grafts that occurred with the introduction of the MELD score, ethnicity was no longer associated with waitlist death or lower rate of LT. . These findings were confirmed by Wong et al. [30] who analyzed the STAR files from 2002 to 2012 and found that African American with HCC The adjusted HR (*) was calculated including clinical and sociodemographic variables. Clinical characteristics used for the adjustment were: donor and recipient age, recipient sex, recipient body mass index (BMI), MELD score, history of diabetes and dialysis, functional status. Social characteristics used for the adjustment were the highest level of education obtained by the recipient. The surgical characteristic used for the adjustment was the cold ischemia time. Other characteristics used for the adjustment of the HR were the UNOS region where the transplant occurred and the length of waiting time (HR, 1.49; 95% CI: 1.25-1.79), HCV (HR 1.30; 95% CI: 1.19-1.41) and alcoholic liver disease (HR 1.52; 95% CI: 1.19-1.94) had inferior survival compared to other ethnic groups. One of the limitations of previous studies was the fact that they did not to adjust survival analyses for known risk factors such as donor characteristics, cold ischemia time, recipient comorbidities and did not exclude patients whose explanted liver did not have HCC.
Therefore, we analyzed only LT recipients with confirmed HCC with the main intent of testing the null hypothesis that after adjusting for clinical and socio-economic factors, African Americans should have short and long-term outcomes comparable to other ethnic groups. When compared to other ethnicities, we found that African Americans had lower education level, were more frequently affected by renal dysfunction requiring dialysis (2.3% vs. 0.7%) and had a shorter period on the waiting list. Although 30-, 60-, 90-day postoperative mortality was similar between African American and other ethnic groups, their 1-year mortality was higher and their survival started to diverge from all the other ethnicities.
Only 56% of African Americans were alive after 5 years vs. 68% of Caucasians (P ≤ 0.001), 73% of Hispanics (P ≤ 0.001) and 79%-81% of Asians and other minorities (P ≤ 0.001). Multivariate analysis confirmed that African American ethnicity remained the strongest independent predictor of lower survival (HR 1.5; 95% CI: 1.2-1.8) after adjusting for donor and recipient age, sex, BMI, cold ischemia, diabetes and renal insufficiency, MELD score, functional status, waiting time, level of education and UNOS region. These findings rejected our original hypothesis that the outcomes of LT recipients with HCC should be similar among different ethnic groups. Patients who undergo LT are only a fraction of the number of patients who are referred but fail selection due to insufficient social support, inability to travel to transplant centers or lack of resources including healthcare insurance. And, since most of the transplant centers in the United States use comparable criteria for screening patients with inadequate socio-economic resources, and use the Milan criteria for staging HCC irrespective of patient ethnicity, we advanced the hypothesis that unless there were biological reasons, there should not be significant ethnic differences in outcomes after LT.
Overall the results of this study are not novel, yet there are several methodological differences that distinguish our study from others. First of all, we included only patients who had documented HCC in their explanted livers. Confirmation that all recipients in this study had HCC is important because up to 11% of patients who are diagnosed with HCC by imaging tests without biopsy prior to LT end up having no pathological evidence of neoplastic lesions in their explanted livers [52] . Second, before we analyzed the longterm outcomes, we confirmed that there were no significant differences in perioperative mortality between African Americans and other ethnic groups. Proving that the risk of death at 30-, 60-, and 90-day after LT was similar between the two groups supported the concept that there were no fundamental differences in Figure 3 . Kaplan-Meier survival functions of patients undergoing liver transplantation for hepatocellular carcinoma in the United States stratified by ethnicity. The probability of 5-year survival was 81% for patients belonging to multiracial or other minorities, 79% for Asians, 73% for Hispanics, 68% for Caucasians and 56% for African American (P ≤ 0.001) pre-existing conditions among different ethnic groups. Third, we performed a multivariable analysis to assess if ethnicity was an independent predictor of patient survival after adjusting for many clinical and demographic factors selected a priori. Among these factors, we included patient characteristics as well as donor and intraoperative variables shown to be associated with long-term outcomes such as cold ischemia time, donor age as proxy for the quality of the liver grafts, history of diabetes, presence of renal failure requiring dialysis prior to transplantation and recipient functional status [53] .
To the best of our knowledge, our study is also the very first to explore if the causes of death after LT were different between African Americans and other ethnic groups. We found that the primary causes of death were similar between African Americans and other ethnic groups except that African Americans had a twofold risk dying of multiorgan failure (15.4% vs. 7.2%) and half the risk of developing recurrent HCC or new onset of other malignancies (15.4% vs. 31.1%). Although these findings are provocative and would suggest the presence of biological differences among ethnic groups, further investigations are needed as these results might be due to reporting bias, misdiagnosis or erroneous data entry.
Besides the retrospective design of this study, there are several other limitations that are worth mentioning. Although the STAR files have the advantage of containing data on a very large number of transplant recipients, it does not provide enough granularity on the type of insurance, socio-economic status and other personal information that might be important when trying to analyze the impact of socio-economic factors on recipients outcomes and it is subject to data entry errors and miscoding. It is well known that the introduction of random errors reduces the reliability of studies making significant findings less likely [54] . Therefore, although we recognize the existence of some degree of inaccuracy in the dataset, we suspect that miscoding had occurred randomly with no differences in the frequency of events among ethnic groups. Another limitation is the fact that, there is lack of clear definitions of ethnicities [55] . Therefore, stratifications of outcomes in this and all other previous studies were performed using self-reported ethnicity. This process has been the norm for health researchers, but self-reporting is a moderate to weak substitution for ancestral genotyping [56] . Consequently, our results have to be interpreted with some caution since overlapping between ethnic groups is expected. In addition, while our survival analyses were adjusted for many important variables, certain factors that may affect post LT survival such as adherence, HCV status or differences in the pharmacodynamic of immunosuppression medications were not available.
The effect of ethnicity on the pharmacokinetic of commonly used immunosuppressive agents is often underestimated. In a study on immunocompetence between African Americans and Caucasians, Nagashima et al. [57] found that, among patients receiving a tacrolimus-based regimen, African Americans had reduced immunosuppressive effects in comparison to Caucasians with an increased risk of acute cellular and chronic graft rejection [58, 59] . Regarding HCV status, Velidedeoglu et al. [60] found that recipient ethnicity was an independent predictor of survival only in recipients affected by HCV. These findings suggested that the lower survival observed in African Americans may be related to the presence of hepatitis C rather than socioeconomic conditions. Unfortunately, due to many missing data on the HCV status of patients with HCC, we were unable to adjust for this important factor. Since the introduction of new antiviral medications that provide sustained virological response in African Americans similar to other ethnic groups, we suspect that HCV positive status will play a very small role in the overall survival of patients undergoing LT in the future.
In conclusion, the findings of our study are several. The first is that the short-term outcomes of African American recipients of cadaveric LTs for HCC are similar to patients belonging to other ethnicities. Second, we confirme that African Americans have the lowest 5-year survival rate among all the ethnic groups after adjusting for several clinical and socio-demographic characterstics. Third, that African American ethnicity and poor functional status at the time of LT are the two strongest predictors of inferior survival.
Previous investigators have suggested that differences in the socioeconomic status might be responsible for the lowest survival observed among African Americans. We recognize that there are many factors that were not accounted in our analysis such as type of health care insurance, household income, serum alpha-fetoprotein, number and size of the largest tumor, cellular differentiation and vascular invasion. However, due to similar oncological and socio-economic criteria equally applied across all ethnicities during the evaluation and selection of LT recipients, there might be biological reasons, rather than socio-economic factors responsible for the survival differences observed among ethnic groups undergoing LT for HCC.
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